Various pyrene derivatives were synthesized and systematically examined in micelles. Synthesized mono and bispyrene derivatives were tested in micelles so that they displayed a strong excimer band and the excimer band was quenched in the presence of TNT and RDX. In the optimized condition, the binding constant for TNT of a simple dipyrene derivative 4 was increased up to 1.0 × 10 6 M −1 in cetyl trimethylammonium bromide (CTAB) micelles, which allowed for the detection of 2 ppb of TNT and 334 ppb of RDX by fluorescence titrations.
Introduction
The rapid and sensitive analysis of nitrated explosives is in high demand for the protection of the society from terrorism as well as for controlling environmental pollution.
1 Therefore, intensive efforts have been made to develop new techniques for detecting nitrated explosives in the past decade.
2 However, research for obtaining new fluorphores 3 and developing the related materials 4 is still attractive because of their high sensitivity, quick response, and easy sample preparation.
In principle, efficient coupling of the π electrons on the fluorophore to the quencher (nitrated explosives) creates an exciplex, which then leads to deactivation of the fluorophore. 5 Although 2,4,6-trinitrotoluene (TNT) and 1,3,5-trinitroperhydro-1,3,5-triazine (RDX) are representative nitrated explosives, TNT quenches fluorophores more efficiently than does RDX due to the facile formation of charge-transfer complexes. Thus, most fluorophores do not show dramatic changes in fluorescence in the presence of RDX, especially in solution. Consequently, reliable fluorescence detection for RDX in solution has proven to be challenging.
To date, few methods for detecting fluorescence signals in RDX have been reported. As an example, the Swager group have reported an impressive turn-on system for the fluorescence detection of RDX and PETN ((3-nitrooxy-2,2-bis-(nitrooxymethyl)propyl) nitrate).
6 Their system relies on the photo-oxidation of a zinc-coordinated acridine dye to a fluorescent acridinium species in the presence of RDX or PETN. Using this method, both RDX and PETN can be detected, although TNT cannot be detected. Quantum dots with surface modification by NADH 7 or the electron-rich 6-hydroxydopamine have also been used as alternative fluorescence dyes for detecting RDX.
8 Along this line, our group has reported simple dipyrenyl compounds that effectively detect TNT by forming a charge-transfer complex. This complex quenches the resulting excimer, which allows the detection of 2 ppb of TNT in semi-aqueous solution.
9 However, in the presence of RDX, no fluorescent change in the excimer was detected. To overcome this disadvantage, we focused on the behavior of simple pyrene derivatives and nitrated explosives in micelles. Surprisingly, fluorophores are not directly used to detect nitrated explosives in micelles. Unlike our approach, the Anslyn group reported a differential array system of fluorophores that detects and identifies small nitrated analytes in Tween 80 (polyoxyethylene (20) sorbitan monolaurate) by pattern recognition.
10 According to the literature, 100 mM of pyrene induces very weak excimer band (I ex/mo , I λ470 /I λ370 = less than 0.9) 11 in Tween 80 (2 mM). Inferred from the literature, such a weak excimer band of simple pyrene may not be useful as the sole fluorophore for detecting nitrated explosives. Therefore, we postulate that pyrene derivatives could display a strong excimer band as they are forced to locate in micelles. Moreover, the enforced hydrophobic cavity in micelles could allow RDX to quench the excimer band of pyrene. Here, this is the first example that pyrene derivatives can detect both TNT and RDX in micelles. In particularly, by screening micelles and pyrene derivatives, the binding constant of bispyrene derivative for TNT was increased up to 1.0 × 10
, which allowed the detection of 2 ppb of TNT and 334 ppb of RDX by fluorescence titrations.
Experimental
Reagents were purchased at the highest commercial quality and used without further purification, unless otherwise stated. Yields of synthesized compounds were measured after chromatographic purification. UV-Vis and fluorescent spectra were recorded on UV 1800 and RF-5301 PC spectrophotometers (Shimadzu), respectively. Proton and 8-(Pyren-1-ylmethoxy)octan-1-ol (3). To a suspension of 1-(bromomethyl)pyrene (500 mg, 1.69 mmol) and 1,8-octandiol (160 mg, 1.09 mmol in dry DMF (10 mL) were sodium hydride (180 mg, 4.50 mmol) added at 0 o C. The reaction mixture was then stirred for 4 h at room temperature. The reaction mixture was quenched with cold water and the organic layer was extracted with dichloromethane. After the solvent was removed under reduced pressure, the residue was subjected to flash chromatography (EtOAc/hexane = 1/ 6) to afford 3 (244 mg, 0.68 mmol, 62.1% yield) and the known 4 (68 mg, 0.12 mmol, 10.7% yield) as yellow solids: mp 48. N,N,N-Trimethyl-8-(pyren-1-ylmethoxy)octan-1-aminium bromide (6). To a solution of 5 (90 mg, 0.21 mmol) in EtOH (3 mL) was added trimethylamine (418 mg, 2.13 mmol in 30% EtOH). The solution was stirred for two days. The solvent was removed under reduced pressure, and a few drops of acetone were added to initiate the formation of white solids. The white solid was filtered and washed with acetone and n-hexane, which afforded 6 (46.6 mg, 0.097 mmol, 45.4% yield) as a white solid: mp 160.5-163. 
Results and Discussion
To test this hypothesis, we prepared each micelle at a various concentrations of pyren-1-ylmethanol (1) at slightly above critical micelle concentrations (CMCs) of cetyl trimethylammonium bromide (CTAB, > 1 mM), sodium monododecyl sulfate (SDS, > 7 mM), and Tween 80 (> 0.012 mM) shown in Figure 1 . 12 These micelles are representative examples of cationic, anionic, and neutral micelles, respectively. Then, the fluorescence spectra of commercially available pyren-1-ylmethanol (1) were monitored as the concentration of this compound increased in each micelle. Different relative excimer ratios (I ex/mo ) were observed in the three different micelles in Figure 1 . While the limited solubility of 1 in Tween 80 allowed concentrations of up to 3 µM to be examined, a better excimer ratio (I ex/mo ) was observed in the cases of CTAB over the concentration range 5-40 µM. Generally, increases in the CTAB concentration resulted in higher excimer ratios. Aggregation numbers of CTAB micelles are known to range from 60 to 89 molecules; if we use 24 µM of 1 dissolved in 16.7-11.2 µM of CTAB micelle, an individual CTAB micelle contains approximately 2.1-1.4 numbers of 1.
12 Similarly, an individual SDS micelle (62 aggregation molecules per micelle) contains 0.19 numbers of 1 (24 µM), while an individual Tween 80 micelle (60 aggregation molecules per micelle) possesses 12 numbers of 1 (3 µM).
12 These calculations, along with Figure 1 , imply that the relative excimer ratio does not depend on the number of pyrene derivatives per micelle, but rather on the structure of micelle. These results partly support our hypothesis that pyrene derivative 1 can dominantly exist in dimeric forms and displays a strong excimer band in CTAB micelles.
Once CTAB was selected as a more useful micelle than the others, new pyrene derivatives based on 1 were designed and synthesized. These derivatives were designed to possess various functional groups such as alcohols, halides, and ammonium salts. We also assumed that a pyrene derivative smaller in size than CTAB (23.145 Å, optimized by semiempirical PM3 calculation) could be easily accommodated in the CTAB core. Therefore, the molecular size was chosen to be smaller than that of CTAB. To obtain various functional group-capped compounds, 1-(bromomethyl)pyrene (2) was obtained by the bromination of 1, in 95% yield. Then, 2 was reacted with 1,8-diol in the presence of NaH, which afforded the elongated alcohol 3 and dipyrenyl compound 4 9 in 62% and 11% yields, respectively. The elongated alcohol 4 was re-brominated with CBr 4 and PPh 3 in CH 2 Cl 2 to afford the desired product in 50% yield. Bromide 5
13 was further modified with trimethylamine to produce the ammonium salt in 45% yield.
The synthesized chemosensors (24 µM) were tested under the optimal micelle conditions described above (1 mM CTAB in water). As shown in Figure 2 , the fluorescent spectrum of 5 shows two monomeric peaks at 378 and 398 nm, and one broad excimer peak at 484 nm. Among three derivatives, the long chain bromide 5 displays the highest relative excimer ratio (I λ481/λ377 = 7.5), followed by 3 and 6, respectively, in the CTAB solution (1 mM). This trend may be responsible for more hydrophobic nature of 5 than others. Due to the limited solubility of 5 in pure water, the micelle condition of 5 was only adjusted with 1% acetone. Upon the addition of TNT to the solution of 5 in CTAB micelle, both the monomer and excimer bands decreased (Figure 3 ). These changes are typically observed when excimer formation is effectively interfered. This result demonstrates that 5 mainly exists as a dimeric species in the CTAB micelle and that the predicted charge-transfer complexes can readily form where TNT is present.
The binding constants of the synthesized compounds were determined through fluorescence titrations, as summarized in Table 1 . The order of affinity for TNT is 5 >> 6 > 3 in the CTAB solution (1 mM) ( Figures S1, S2 , and S3 in ESI). The observed large binding constant of 5 may be attributed to the hydrophobic nature of 5. As indicated above, chemosensor 5 was titrated with TNT and RDX in a 1% acetone solution. Thus, the effect of 1% acetone in the TNT titration of 5 was indirectly estimated. As each TNT titration of 3 was conducted in water containing 1% acetone or in water only, the TNT binding constants of 3 were found to be 9.4 × 10 3 and 7.1× 10 3 M −1
, respectively ( Figure S1 vs. S5 in ESI). This result indicates that acetone in micelles may induce malignant effects for the TNT binding constant. In addition, the order of affinity for RDX was 5 > 6 > 3 under the same conditions ( Figures S1, S2 , and S3 in ESI). Considering the observed binding trends for TNT and RDX, hydrophobic nature of pyrene derivatives could be crucial and any reasonable explanation for the observed binding trends is something elusive in CTAB micelles.
Theoretically, this sensory system requires two molecules of pyrene derivatives in an individual micelle. Thus, bispyrene 4 could be used at a lower concentration than 5 in CTAB, since two pyrenyl groups of 4 are already present. It should be also noted that bispyrene 4 has been reported for detecting nitrated aromatic compounds in semi-aqueous solution without micelles in our group. 9 In the previous studies, 1.55 µM of 4 was used for detecting nitrated explosives. The binding constant of 4 was 2.7 × 10 5 M −1 for TNT in semi-aqueous solution and the same condition provided a nearly fourfold increase as compared to that of 4 (K a = 1.0 × , Figures S4 in ESI) , while no detectable binding phenomenon was observed in semi-aqueous solution. These experiments clearly show that unusual properties of 4 and 5 could be due to their enforced residence in the CTAB micelles. Moreover, the residence of Figure 2 . The fluorescence spectra of 3, 5, and 6 seen as irradiated at 345 nm in CTAB (1.0 mM) micelle. 3 and 6 were dissolved in only water, while 5 was dissolved in water containing 1% acetone. Each solution has 24 µM of pyrene derivative. Once bispyrene 4 was selected as the best one in CTAB micelles, we then investigated the quenching efficiency of 4 with other aromatic compounds under the aforementioned conditions. As summarized in the results shown in Figure 4 , the most electron-deficient aromatic substrate (TNT) displayed 45% quenching efficiency, even at a concentration of 1 equiv. The observed higher quenching efficiency could be due to the additional inclusion phenomenon of CTAB micelles so that the effective concentration of TNT could be higher in the micelles than in solutions. The presence of a larger number of electron-withdrawing nitro groups on the aromatic ring facilitated the formation of a stable complex with 4. Additionally, non-aromatic species such as RDX induced detectable quenching effects as much as DNB did. These results indicate that non-aromatic explosives have considerable interactions with dipyrene derivative 4 in the CTAB micelle.
To identify the detection limit for the analytes, a fluorescence titration was carried out at a low concentration of chemosensor 4 (155 nM). Surprisingly, the same method provided a twenty-fold smaller binding constant for TNT ) than for 1.5 µM of 4 at the same concentration of CTAB ( Figure S6 in ESI) . At a low concentration of 4, a large proportion of the added TNT could be trapped in the micelles without 4, which could dramatically reduce the binding constant of TNT. However, because of the large binding constant for TNT, the analysis conducted in the above condition (1.55 µM of 4 in 1.0 mM of CTAB) showed that this particular fluorescent chemosensor can detect < 2 ppb of TNT (the limit set by the US EPA on drinking water) 14 and < 344 ppb of RDX ( Figure S9 in ESI) in CTAB. In the case of 5, the detection limit of TNT and RDX could be less than 10 ppb and 5.3 ppm, respectively (Figure S10 in ESI). Further experiments also proved that receptor 4 may be used as a chemosensor under illumination from a laboratory hand-held UV lamp, using the naked eye for nitroaromatic compound detection. As shown in Figure 5 , each spot was placed with various quantities of TNT on a glass plate. Then, 3 µL of 4 (15.5 µM) in CTAB was dropped onto each spot. 21.1 ng of TNT completely quenched the solution of 4; the colored half-ellipses shown in the figure are the shadows of the drops under UV light illumination. According to these findings, the visual detection limit of TNT could be < 2.6 ng.
Conclusion
In Summary, we have shown that the relative excimer ratios (I ex/mo ) of pyrene derivatives largely depend on the specificity of the micelle and the structure of the pyrene derivatives. The synthesized derivatives were found to bind to RDX effectively in CTAB micelles, although they are not without the micelle. Using these properties, the binding constants of 4 were increased by up to 1.0 × 10 6 M −1 for TNT in CTAB micelles, which allowed the detection of 2 ppb of TNT and 334 ppb of RDX by fluorescence titrations. .1 ng) , under illumination from a laboratory hand-held UV lamp, in CTAB (1.0 mM, in water containing 1% acetone).
